Measurements have been made on the energy and angular distributions of the charged par ticles from disintegration 'stars' produced in the silver and bromine nuclei of photographic emulsions exposed to cosmic radiation. The observations extended over a wide range of excitation energies (100 to 700 MeV). The energy spectra and angular distributions of the protons can be explained in all cases by simple evaporation theory. This energy distribution shows also a high-energy tail consisting of direct knock-on protons and slow mesons. At high excitation energies the a-particles exhibit collimation effects which are probably due to localized 'boiling' or a form of fission.
The first extensive observations on the multiple nuclear disintegrations or ' stars ' produced by cosmic rays were made by Blau & Wambacher (1937) . These and subsequent investigators, using the photographic emulsion technique, measured the increase of star frequency with altitude, and obtained distributions of the numbers and energies of the charged particles from stars. Cloud-chamber investigations of the cosmic ray disintegrations, especially those leading to the production of pene trating particles, were made by W. M. Powell (1946) and Hazen (1944) . With the recent development of emulsions of greatly increased sensitivity and discriminating power, it has become possible to trace regularities in the modes of disintegration of nuclei under high excitation, and, in the present paper, we describe investigations on the cosmic ray stars produced in the Ilford 'Nuclear Research ' emulsions.
In § 2 are discussed the recording characteristics of the emulsions used, and the methods of identifying the tracks of the various types of particles present in the dis integrations. Observations on the energy and angular distributions of the particles are described in § 3 and discussion of results in § § 4 and 5.
Owing to the rapid increase of the star intensity with altitude, most of our obser vations were taken from plates exposed in mountain stations on the Jungfraujoch (3457 m.) and at Chamonix (3650 and 4400 m.).
G e n e r a l t e c h n i q u e (a) Types of particles emitted from stars
In examining a disintegration, it is of course desirable and sometimes essential to be able to identify the tracks of the various charged particles emitted. In processes involving particles of widely varying velocity, charge and mass, the recording characteristics of the emulsion used must essentially represent a compromise between high sensitivity on the one hand, and good discriminating power on the other. The reason for this is th at when the specific ionization exceeds a certain critical value, the latent images in the silver bromide grains along the path of the ionizing particle are produced so close together that the silver streamers growing out of the grains during development run together, or ' clog ', so as to form a more or less ' solid ' track. I t is then extremely difficult to perform a reliable 'grain-count' along the track, and discrimination between the various types of particles is poor. The higher the sensi tivity of the emulsion, the lower is this critical value of the ionization. In our experi ments, the plates used (Ilford B 2 and C 2) and development conditions were such th at we could detect protons with energies up to about lOOMeV. Discrimination between even slow protons and fast a-particles (up to well over 50MeV) was very good, but that between the solid tracks of a-particles and heavier nuclei was in general extremely difficult.
Usually the emitted particles have only a small fraction of their total range in the emulsion, and so the lightly ionized tracks of fast protons, mesons, deuterons, tritons and extremely fast a-particles cannot be distinguished unless a t least half their true range is observed and a statistically significant number of grains counted.
In most of the stars, we observe (in addition to long tracks of mesons, protons, deuterons, tritons, a-particles and heavier nuclei) short, very heavy tracks produced by ' recoil fragments '. These tracks have nearly always a range of between 2 and 5
(b) Grain-counting for energy determinations of lightly ionized tracks
When the ionization is below the critical clogging value defined above, we can determine the velocity of a particle, if its charge is known, from the mean graindensity. This is obtained from a grain count and total track length. The latter quantity is determined from its horizontal projection as measured in the eyepiece scale of the microscope, and from depth measurements on the fine adjustment drum. The average thickness of the unprocessed emulsion on a given plate was assumed to be accurately the value given by the manufacturers (100//). The average thickness in drum divisions of the processed emulsion on a plate was measured, and equated to 100/4. Thus conversion factors, varying slightly from plate to plate due to variations in the average thickness of processed emulsion caused by slight variations in washing and drying conditions, were obtained. These allowed the fine adjustment reading to be converted into true track depth in the unprocessed emulsion.
A grain-density/range curve has been constructed by using grain-counts along complete proton tracks, the longest having a range of about 4000 This curve has been extended to 15,000/4 by extrapolating from a long meson track (over 2000// in length), taking into account the difference in mass between meson and proton.
The range-energy relations for a-particles and protons in Ilford unloaded emulsion have been determined experimentally by the Bristol group up to about 15MeV. These curves have been extended up to velocities of 0*4c (lOOMeV protons) using theoretical formulae for the collision loss (Rossi & Greisen 1941) . In the computation we have assumed the Bloch formula I = an atom (/H = ionization potential of hydrogen, Z = atomic no.); since this relation is only very rough, and there are uncertainties in the determination of the emulsion constitution, the error in the proton curve may be 10 % a t lOOMeV.
From the range-energy and grain-density range curves the relation between grain-density and energy for protons is then easily obtained.
In detailed analyses of 78 nuclear disintegrations of silver and bromine, each disintegration comprising the emission of between 7 and 22 charged particles, and of 53 smaller disintegrations, the following procedure was adopted.
In order to study the variations in the modes of disintegration with excitation energy, the stars were divided into the four groups as shown in table 1. Column six was obtained by summing the kinetic and binding energies of the em itted alphas and protons, and adding an amount of energy equal to th at associated with the protons to allow for the neutrons.
(a) Proton, and other lightly ionized tracks
The grain densities of all lightly ionized tracks were determined. In the majority of the stars a proton came to the end of its range in the emulsion, enabling one to construct a separate grain-density/energy curve for each disintegration. Assuming all lightly ionized tracks to be due to protons, unless grain-density and range measure ments indicated tritons, etc., the energies, corrected for fading, were determined. The maximum differences of grain-density (for equal velocities) between most and least faded tracks were of the order of 10 % with the exposures used (40 days).
The energy distributions of the protons are indicated in the histograms of figure 1. The error in determining the proton energy from the grain-count should correspond to the statistical error arising from the finite number of grains counted.
The average percentage errors a t various energies were as shown in table 2. Owing to slight non-uniformity of mixing of the emulsions during manufacture, the actual errors are likely to be a little greater than those indicated.
In order to determine whether the slight variation of development with depth in the emulsion has any serious effect on the grain-density along the tracks, the apparent energy distribution of protons passing out of the emulsion-air surface has been compared with th at of those passing into the glass (table 3, figures give number of tracks). No significant difference between the two distributions is observed (the plates were exposed vertically). 
(6) Energy distribution of
Owing to the fact th a t the tracks of a-particles are practically 'solid' their energies cannot be determined by a grain-count (not a t any rate if E < 70MeV). Hence the energy distribution can only be obtained by measurement of the ranges of those alphas ending in the emulsion. The probability th a t an a-particle track, of length l and random direction, lies completely in the emulsion, is
where d is the emulsion thickness. The energy distribution of complete a-tracks from stars with 10 to 22 charged particles is given in figure 2 . This distribution is corrected for Toss' by multiplying each ordinate by a factor Iff, and the result is indicated in figure 3 . (Owing to the large value of/fo r the very long-range a-particles, the statistical error a t the high-energy end is fairly large.)
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(c) Angular measurements on protons and a-particles
The complete orientation of a proton or a-particle in the emulsion was obtained from the azimuthal angle 6 (measured in the eyepiece goniometer), and the angle of dip or latitude obtained by a depth measurement. The value of 6 (allowing for a small amount of Coulomb scattering along the tracks) can be found to but the angle of dip is not known so accurately, especially for large values of < j). Owing to the curvature of the field of the microscope objective, the difference in depths of a track at two points along it must be obtained from the depth values relative to 22-2 a specific reference level (the surface of the emulsion). This surface is only approxi mately plane. Measurement of also depends on the linearity of shrinkage of the emulsion. Tests indicate th at to within the limits of error (5 %) in setting and reading the fine-adjustment screw, the emulsion shrinkage during processing is linear. 
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Discussion of results for protons (a) Theoretical treatment of energy spectrum
The energy distribution of heavy particles produced in stars in photographic emulsion was first investigated by Wambacher (1938) and later by Ortner (1940) . In these measurements no particular regard seems to have been paid to the effect of latent-image 'fading' and the discrimination between protons and a-particles was very poor with the plates then available (Ilford halftone). Thus an attem pt by Bagge (1941) to explain their results in terms of the 'evaporation model' of the nucleus did not appear particularly convincing.
The evaporation model of the nucleus was put forward by a number of authors, notably Bohr, Frenkel, Landau, Bethe and Weisskopf. Owing to the very close spacing of energy levels in a heavy, highly-excited nucleus, one can average over a large number of quantum states of nearly equal energy, and thus apply thermo dynamical reasoning in order to determine the distribution of energy among the nuclear particles. The disintegration process is then analogous to the evaporation of a drop of liquid. The energy distribution of the nuclear particles emitted has been derived rigorously by Weisskopf (1937) . When, as in the cases we are considering, the nucleus is highly excited, the probability of a neutron being emitted with energy between E and E + dE is approximately of the Maxwellian form
Both the temperature T and energy E are measured in MeV. The temperature T is related to the excitation energy U according to fiT n, where /? is a (dimensional) constant and n depends on the assumed interaction between the nuclear particles (gas model, liquid drop model, etc.).
In the case of charged particles, equation (1) can be shown to become
where V is the height of the potential barrier, assumed impenetrable. Thus the effect of the barrier is simply to shift the whole energy distribution by an amount V. In a previous note (Perkins 1947) it was shown th a t the energy spectrum of protons from the disintegration of heavy nuclei (silver and bromine) in the emulsion could be explained in a general way by (2). This formula would be true for the energy dis tribution of molecules evaporating from a drop of water, but it cannot be strictly applied to the multiple disintegration of a nucleus, for the number of particles (~ 100) is so small th at the nucleus cools appreciably after emission of each particle. The effect of cooling was calculated as follows. Suppose a nucleus of mass number A 0 is excited to perature T0. The problem is to find the temperature of a subsequent nucleus A . The average energy in distribution (2) is 2 T + V, th a energy of neutrons and protons evaporating from a nucleus a t temperature T is 2 T + V , where V is the effective potential barrier for a neutron-proton pair, and is ~ \ V .The average energy taken away by a proton or neutron is
where E 08 MeV is the binding energy per nucleon. Considering the distribution of figure 1 a (15 to 22 charged particles per star) the average kinetic energy of a proton is 15MeV. The energy required to release a proton is thus 15 = 23MeV. The average number of protons per star is 11, giving 250 MeV for the total energy for ejecting the protons. Assuming the neutrons carry away approximately the same energy, the excitation energy required U ~ 500 MeV. I t will be shown later (see § 5) th at there are strong reasons for believing th at most of the a-particles are ejected in a preliminary process, followed afterwards by evaporation of neutrons and protons. Allowing for this process, the average value of A 0 is estimated a t 80. We have calculated the cooling effect according to the following well-known nuclear models.
Fermi-gas model
If we consider the nucleus as an assemblage of essentially free particles (i.e. kinetic energy > interaction energy), then it is equivalent to a gas obeying Fermi statistics. The excitation energy of such a system is given by
where A is the number of particles. The constant in (4) is where e is an average Fermi energy for neutrons and protons; according to Bethe (1937) , e should be about 12 MeV. Calculations by Bardeen indicate th a t the effect of nuclear inter action would be to about double this value. Thus we take = 0*1. Hence, from (4),
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To J k a " J 500 0-1 x 80 8 MeV.
The figure for K must be very rough, and one must regard it as fortuitous th at this value fits the experimental data quite well (see figure 1) . Again, from (4),
The solution of this differential equation gives a relation between temperature T and mass number A of any successive nucleus left after emission of (A0 -)particles:
where , V(1
The curve connecting A and T, obtained from (6), is shown in figure 4a . At 0, one finds A = 55, this being the mass of the residual nucleus. Thus the number of particles emitted is A0-A = 80 -55 = 25. The average number of protons observed was 11, leaving 14 neutrons. This figure appears reasonable. The mean potential barrier during the evaporation process (corresponding to 65 to 70) is 5 MeV for protons; thus the value of a = E 0+ V taken in this (i.e. V = 2|M eV). From the T-A curve, values of T were obtained for 12 values of A (in steps of 2) and the energy distribution found a t each temperature. The sum of these distributions calculated for T0 = 8 MeV, and an average potential barrier V for protons o (corresponding to the average value of A )i s shown in This spectrum shows quite good agreement with the experimental one, except a t very low and very high energies.
The discrepancies a t low values of energy can be explained by the quantummechanical penetration of the barrier. The penetration probability may be written Q = PIc/Iq, where hl0 is the maximum orbital momentum for which the particle interacts with the nuclear field ( l0 = r/A, r being the nuclear r wave-length of the particle). hlc is an 'effective orbital momentum' obtained by summing up the penetration probabilities over all effective values of l, and P is the Gamow factor. Values of 11/1% were calculated from the formulae of Bethe & Konopinski (1938) . As usual P = where x = E /V (ratio of particle energy to barrier height) and the function y ( p c) has been tabulated by Bethe. For protons In our case the mean values are V = 5 MeV and = 4. We h for the penetration of the barrier by multiplying the distribution for uncharged particles (equation (1)) by the penetration factor Q(E) for protons; the resultant distribution is given by the full-fine curve (figure la). I t is seen th a t for the agreement between quantum-mechanical treatm ent and the classical one is quite good. For E < V the quantum-mechanical calculation shows reasonably goo agreement with experiment.
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Liquid-drop model
This model assumes the interaction between nucleons to be similar to th a t between molecules in a liquid (interaction energy of the same order as, or larger than, the kinetic energy). The excitation energy U may be expressed as (Bethe 1937)
U_ W T J + T4.
The first right-hand term is due to surface, the second to volume waves. Here r = T /T ', where T ' is the temperature a t which contributions of energy TJ' from volume and surface waves are equal. The calculated value of T ' for a nucleus of bromine or silver equals approximately 2 MeV. The calculated value for U' is 20 MeV.
For the excitation energies we are considering ( ~ 500 MeV), the temperature T ~ 4 MeV, and is therefore well above the critical temperature. Hence volume waves are more im portant than surface waves, so th at U is approximately proportional to T*. The A /T cooling-curve for the liquid-drop (figure 46) has a small gradient for T ~T 0, and drops very steeply for small T. The difference between this curve and that for the Fermi-gas is due to the higher value of n in the formula U = jSTn. Thus even though the initial temperature T0 in the case of the liquid drop (5 MeV) is much smaller than that for the Fermi-gas (8 MeV) it is found by calculation th at the energy distribution from the liquid-drop model almost exactly coincides with th at shown for the gas model in the region 0 to 15 MeV. Above 15 MeV, however, the liquid-drop curve drops off rapidly and shows very large discrepancy with the experimental distribution. (The reason for this is of course th at the high-energy end of the dis tribution is determined largely by the initial temperature TQ .) Thus we conclude that, in so far as any ' model ' of the nucleus may be described as correct, the Fermigas model appears to give the better results (or the liquid-drop model restricted to surface waves only, giving a dependence of energy on temperature according to a seven-thirds power law, not very different from th at of the Fermi-gas model).
(6) Comparison of experiment with theory
Having fixed the constant K in equation (4) from the values of excitation energy and initial temperature T0 for the stars with 15 to 22 charged particles, we proceed to calculate the initial temperatures for the other three groups of stars (table 4) . Allowing for cooling as before, we obtain the distributions indicated by the full-line curves in figures 16, c, d . I t will be observed th at the calculated energy spectra agree very well with the experimental histograms. I t should, however, be pointed out th at only about three-quarters of the stars involving 3 to 6 charged particles will correspond to disintegrations in silver and bromine nuclei. The remainder must be attributed to carbon, oxygen and nitrogen nuclei.* ... In making this comparison of experiment with theory we must bear in mind the fact th a t a certain proportion of the so-called proton tracks have in fact been pro duced by deuterons and tritons passing out of the surfaces of the emulsion. From the stars examined we have observed 79 singly-charged particles coming to rest in the emulsion layer. 55 of these were identified as protons, and the remainder (apart from two slow mesons) as deuterons or tritons. Assuming the latter to be in equi librium with protons and neutrons inside the nucleus, we expect the deuterons and tritons to have the same temperature and energy distribution as the protons. This implies that between 10 and 15 % of the so-called proton tracks which pass out of the emulsion surfaces are due to deuterons and* tritons, for the latter together have about twice the chance of coming to rest in the emulsion as protons of similar energy. From this percentage of deuterons and tritons it is estimated th at the energy values of the measured proton spectrum are about 7 % too low. The effect is thus quite small.
Thus we conclude th at the energy distribution, between 0 and 30 MeV, of protons (and presumably neutrons) ejected from a heavy nucleus under very high excitation * The relative numbers of stars produced in the light and heavy nuclei have been determined by the use of plates consisting of alternate layers of normal emulsion and pure gelatin. follows the form predicted by conventional evaporation theory, even though the temperature is continually dropping throughout the process, so th a t a state of thermodynamical equilibrium never really exists.
(c) Angular distribution of protons
In the course of an evaporation process the particles which are emitted should be orientated quite a t random, i.e. the angular distribution should be spherically symmetrical with respect to the centre of mass system.
First of all it is necessary to estimate any effect on the angular distribution as a result of the momentum taken up by the whole (silver or bromine) nucleus from the incident particle. This momentum will be greatest, for a given energy transfer, if the star-producing particle actually stops in the nucleus. In the case of a neutron, for instance, transferring 500 MeV energy to the nucleus, this momentum would be about 700MeV/c. Thus the velocity component of the whole nucleus would be only ~ O-Olc, which is quite small compared with the average velocity of ejection of the star particles (~ 0-2c). The effect on the angular distribution is therefore negligible.
Thus if we ascribe a vector of unit length to each proton track, the resultant of all the vectors of the star should have a scalar magnitude the probability dis tribution
which is determined from random-walk theory. If the number of vectors N is fairly large (> 4), then the distribution is practically Gaussian (Chandrasekhar 1943): f(R )dR ocR *e~3R2/2NdR.
Since the number N of protons varies from star to star, the distribution becomes
where mi is the number of stars with protons. In figures 5 a and b we have compared the theoretical and experimenta tributions for the stars with 15 to 22 and 7 to 14 tracks. No significant difference is observed between the two, supporting the view th a t the protons evaporate.
(d) High energy tail
As can be seen from the histograms of figure 1, at energies greater than about 30 MeV the observed number of protons greatly exceeds th at predicted by evapora tion theory, and this high energy 'ta il' is certainly even greater than is indicated, for the following reasons. Evidence has been given th at the angular distribution of protons is isotropic. Hence if the frequency of proton tracks be plotted against the angle of dip (f we would expect cosine distributions. The histograms, figures 6 a and 6, indicate th at practically no protons of energies less than 30 MeV escape observation, but a considerable proportion of steeply-dipping tracks of higher energy are not detected. Further, even under optimum conditions (tracks almost in the plane of the emulsion), we are unable to detect protons of energy greater than about 100 MeV. I t has been suggested by Heisenberg th at the first stage in the production * For values of N t < 4, the exact form of the random-walk distribution was used.
of a multiple disintegration consists of the transfer of a large amount of energy from the incident cosmic-ray particle to a few nucleons situated over a small volume (possibly on the 'surface') of the nucleus. Some of these nucleons will immediately escape, while the remainder will produce a general 'warming u p ', by inter-nuclear collisions, of the entire nucleus, which subsequently cools down by evaporation. Clearly, the more nucleons knocked-on in the primary process by the incident cosmic-ray particle, the greater the ultimate excitation of the nucleus and the larger the star. Furthermore, the proportion of these nucleons which escape should be determined by the geometry of the nucleus alone, and should thus be more or less constant. Hence the number of ' Heisenberg ' protons per star should go up roughly as the excitation energy, whereas, as shown in table 5, it increases more rapidly.
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I t seems highly probable, however, th a t a considerable proportion of the so-called fast protons in the Heisenberg tail are to be attributed to slow mesons. I t is then natural to expect the rate of production of mesons to increase with the energy dis sipated in the disintegration. Several examples of meson showers accompanied by heavy particles, i.e. nuclear fragments, have been observed in cloud chambers. The ejection of slow mesons from stars in photographic emulsions has been compre hensively treated by Powell & Occhialini (1948) . Nuclear disintegrations produced by cosmic rays So far, from 55 stars with 10 to 22 tracks, we have observed two ejected mesons, of energies ~2M eV, stopping in the emulsion. Thus although our statistics are extremely poor we have estimated, assuming isotropic ejection of mesons and a constant energy spectrum of production up to 10 MeV (maximum energy for a meson leaving a visible track in the emulsion), th at between 10 and 30 incomplete meson tracks have been wrongly assigned as fast protons. This represents 15 to 45 % of the total number of particles in the tail of the proton distribution for these large stars.
I t would be expected th at fast knock-on protons should be collimated downwards, whereas slow mesons generated in nuclear disintegrations should be ejected iso tropically. Preliminary investigations indicate downward collimation of lightly ionized tracks in the very small stars (3 to 6 tracks)-from 2000 of which we have so far observed only 1 ejected meson ending in the emulsion-but an isotropic dis tribution of these tracks in stars with more than 10 tracks (figure 7). I t will be clear from the above discussion that no very precise information is available regarding the nature of the particles producing the very lightly ionized tracks; it seems fairly safe to say, however, that a t least half of them actually are fast protons.
(e) Range of nuclear forces We interpret the protons in the high-energy ' tail ' as those knocked out of a nucleus by direct impact of the energetic incident particle. Assuming this to be a nucleon, the energy distribution of the protons will be determined by the cross-section for neutron-proton (or proton-proton) scattering. Heisenberg (1938), Bagge (1944) and Rosenfeld (1948) have pointed out th at this should lead to a rather precise deter mination of the range of nuclear forces. Assuming a Gaussian potential, Rosenfeld finds th at the number n(E) of protons with energies greater tha mately given by log 10w(i£) = const-0-029
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where r0 -nucleon 'radius', d = electron radius ( d~2r0), and x~x range of force.
This equation holds only for the direct 'knock-on' protons, and hence will only apply to protons with energies in excess of about 30 MeV, where the contribution from 'evaporation' protons is negligible. The observed distribution, obtained from the stars with over seven tracks, is indicated in figure 8 . A straight line drawn through the points has the equation ^°8iow(-®) = const -(0-0244 + 0-004) E. With d = 2-8 x 10~13cm. we obtain x~x = (2-0 + 0-3) x 10_13cm.
This value is in excellent agreement with those obtained by Bagge (1944) and Ortner (1940) by a similar method. I t is also reasonably consistent with the range obtained by other methods.
We are, however, inclined to believe th a t this agreement is largely fortuitous, in view of the fact th a t the proportion of tracks escaping observation owing to their steep angles of dip increases with energy. On the other hand, the number of lightly ionized tracks may be overestimated a t the higher velocities owing to presence of slow mesons in the so-called proton spectrum. Although these two effects will tend to cancel, we cannot attach much importance to the above figure for the range of the force.
Discussion of results obtained for a-PARTiCLEs
(a) Energy spectrum I t can be seen from the histograms in figures 2 and 3 th at the energy spectrum is considerably broader than the corresponding one for protons. The curves drawn in these figures are those of the evaporation distributions for instantaneous tempera tures of 7MeV and barrier heights of 3 and lOMeV. In each case we observe an excess of a-particles of high energy (the absolute excess is quite large when the numbers have been multiplied by the factor 1//). Owing to the small number of tracks observed it is not possible to fit a temperature very accurately, but if the nucleus ' cools ' appreciably during the emission of a-particles, a mean temperature of 7 MeV implies an initial temperature greater than th at of the protons (5 to 8 MeV).
The most interesting feature of the energy distribution is th a t nearly half of the a-particles have energies below the potential barrier (about 12 MeV for the heavy nuclei in the emulsion). This would hardly appear conceivable if the a-particles are ejected according to an evaporation process. However, calculations by Bagge (1944) indicate that, a t the excitation energies we are considering, the barrier might be reduced by as much as 40 or 50 % due to an increase in the effective nuclear radius caused by large amplitude surface waves. Such a reduction would a t any rate partly explain the proportion of low energy alphas. The perturbations in the Coulomb barrier would be even greater if the a-particles are ejected as the result of intense localized heating which almost certainly occurs as a preliminary to the general 'warming up ' of the whole nucleus. The low-energy end of the proton spectrum will, however, still be determined by those protons evaporating at low temperature, when the nucleus has cooled considerably, and the reduction in the barrier is therefore negligible; hence the considerations above will leave the energy distributions of the protons almost unaffected.
An alternative is to assume that when the excitation energy is of the same order of magnitude as the total binding energy, the possibility arises of fairly heavy 'splinters' breaking away from the parent nucleus. These 'splinters' would be very unstable and disintegrate spontaneously; the a-particles emitted would thus have to cross a much lower Coulomb barrier.
This phenomenon appears characteristic of strong nuclear excitation, for we have also made preliminary observations on the energy distribution of particles from the small stars (2 and 3 tracks). Here the average excitation energy is about 80 MeV, i.e. small compared with the binding energy of a silver or bromine nucleus. In this case we find th at the a-particles evaporate from the nucleus and come out above the orthodox potential barrier.
(6) Angular distribution of In figures 9 a and 6 are given the frequency distributions of the angular resultants for the a-particles and heavier nuclei (e.g. Li8). For the stars with 7 to 14 tracks we obtain an isotropic distribution. This may indicate th at at these excitation energies (i.e. up to half the total nuclear binding energy) the majority of the a-particles are emitted in an evaporation process. For those stars consisting of 15 to 22 tracks, however (figure 9a), we observe a deviation from the random-walk curve. The X2 test seems to show th at this deviation is statistically significant; the probability that the observed distribution corresponds to spherical symmetry is less than 5 %. This asymmetry indicates that the a-particles ejected from heavy nuclei excited to energies (~ 700 MeV) comparable with the binding energy, exhibit collimation or 'bunching'. We have further investigated this collimation by measurements on the distribu tion in angle between the recoil fragment, or fragments, and the angular resultant of the protons or a-particles. We estimate th at the time taken by the recoil nucleus to come to rest is at least 10-14 sec. On the other hand, the time required for the nucleus to re&ch 'thermal equilibrium' and subsequently evaporate will clearly be several orders of magnitude greater than the time between internuclear collisions (10-22sec.). It seems fairly safe to say, however, th at the evaporation process will be completed in less than 10_14sec. In this case, the momentum taken up by the recoil fragment will be simply the vector sum of the momenta of the protons, neutrons and a-particles in the star, and the momentum contributed by the particle producing the star.
From the relative numbers of protons and a-particles, and their energy distribu tions, we are able to calculate the most probable resultant momentum of the protons and neutrons (assuming equal numbers) and th at of the a-particles Pa. Let T be the angle between the fragment and angular resultant of a-particles or protons.
In the case of stars with 15 to 22 tracks, in which the alphas exhibit collimation (figure 9a), Pa is much greater than Pnp, so th a t the direction of the fragment will be determined largely by th a t of the a-particle resultant. This is clearly indicated in figure 10a . On the other hand, the distribution for protons is more or less isotropic (sinT) (figure 106).
Thus the two sets of measurements on the collimation effect are internally con sistent. However, it must be emphasized th a t our data are obtained from only 26 disintegrations, and we should require to observe a much larger number of stars in order to establish the effect with complete certainty.
We can account for this asymmetry on either of the two hypotheses given to explain the number of low energy a-particles ( §5a). First, we may imagine the a-particles to be ejected as a result of intense local heating near the surface of the nucleus. Those a-particles moving towards the surface will escape since their chance of colliding with other nuclear particles is small; on the other hand, those travelling away from the surface would have to traverse a large fraction of the nucleus and would therefore be stopped by collisions. One naturally expects the local heating to be more pronounced at the higher excitation energies, so th at we are able to account for the transition from symmetry to asymmetry as the size of the star increases.
Nuclear disintegrations produced by cosmic rays
Secondly, we have the fission hypothesis in which a large fragment breaks away from the heavily excited nucleus. By virtue of the electrostatic repulsion such a 'splinter' would acquire considerable momentum. We must then postulate th at the smaller fragment spontaneously disintegrates, preferentially into a-particles or heavier nuclei (e.g. Li8), which thereby exhibit a strong collimation effect. The reason why a-particles, rather than protons and neutrons, should be emitted is difficult to explain, but hardly more so than that far more protons and neutrons are emitted as components of a-particles in our stars, than as nucleons themselves (table 1) .
Evidence in favour of 'fission' comes from two sources. In the first place, out of the 26 stars we are considering, we obtain 4 certain cases in which two recoil frag ments instead of one, are obtained. Secondly, we sometimes observe, especially in the very energetic disintegrations, examples of the concentration of a few nuclear particles in a very narrow cone, and of the emission of very heavy nuclear ' splinters * of long range.
According to these hypotheses, the rump nucleus should take up the momentum of the a-particles. The velocity component thus acquired by the protons and neutrons which subsequently evaporate from the rump will be negligible compared with their velocity of emission, so their angular distribution should be isotropic, as observed. When the rump nucleus has ' cooled down ' completely, a recoiling frag ment will be left behind. From the charge carried away by the protons and aparticles, we estimate the mass of the fragment a t 25 to 45 units. The range of the recoil fragment is generally ~ 3 we can thus get a rough idea of its momentum. I t is of the order of magnitude of what we would expect from conservation of momentum of the a-particles; an exact calculation is not possible because of the unknown momentum contribution of the incident cosmic-ray particle (this may be of the same order of magnitude).
Since about 45 % of charged particles emitted from the stars are a-particles (table 1) a complete disintegration of bromine should give rise to about 25 tracks and of silver to 34. We have observed only two cases of such energetic stars in this laboratory; one of 23, the other of 25. Neither showed any sign of a recoil fragment. At present, therefore, we have insufficient large stars to obtain information on the process of disintegration of a heavy nucleus when the excitation energy is large compared with the nuclear binding energy.
Co n c l u s io n s
Our conclusions regarding the production of a multiple disintegration in a silver or bromine nucleus may therefore be summarized as follows.
A high-energy cosmic-ray particle is incident on the nucleus, and, in its passage through it, collides with several nucleons. If the velocities of impact of these nucleons are directed suitably towards the nuclear surface they will escape immediately and produce a high-energy ' tail ' in the energy distribution, as described by Heisenberg. If the momentum transfei between incident and scattered particle is sufficiently great, mesons may also be produced. Most of the recoiling nucleons pass further into the nucleus, and by collisions give rise to intense localized heating over a small volume of the nucleus, a-particles (and a few neutrons and protons) are ejected in the ensuing ' boiling off' process, which may also possibly give rise to fission, in which fairly large fragments break away from the main nucleus and disintegrate spon taneously into a-particles. The whole of the above process may be assumed to occur in a time of the order of magnitude of the nuclear transit time (~ 10-22sec.). The excitation energy is then distributed throughout the remaining nucleus by numerous collisions, and this recoiling nucleus proceeds to evaporate off neutrons and protons (and a few a-particles) more or less isotropically. As the nucleus cools down, neutrons are predominantly ejected owing to the potential barrier. The evaporation process is carried out under quasi-equilibrium and is relatively slow (several orders of magnitude greater than the transit time). Any nuclear remnant left over gives a Nuclear disintegrations produced by cosmic rays The resonating-valence-bond theory of metals discussed in this paper differs from the older theory in making use of all nine stable outer orbitals of the transition metals, for occupancy by unshared electrons and for use in bond formation; the number of valency electrons is consequently considered to be much larger for these metals than has been hitherto accepted.
The metallic orbital, an extra orbital necessary for unsynchronized resonance of valence bonds, is considered to be the characteristic structural feature of a metal. It has been found possible to develop a system of metallic radii that permits a detailed discussion to be given of the observed interatomic distances of a metal in terms of its electronic structure. Some peculiar metallic structures can be understood by use of the postulate that the most simple fractional bond orders correspond to the most stable modes of resonance of bonds. The existence of Brillouin zones is compatible with the resonating-valence-bond theory, and the new metallic valencies for metals and alloys with filled-zone properties can be correlated with the electron numbers for important Brillouin polyhedra.
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